This study was conducted to characterize 17 sugarcane genotypes from Hawaii and Thailand using 12 target region amplification polymorphism (TRAP) markers and partial Sai nucleotide polymorphism. A total of 275 fragments were produced, of which 273 (99.27%) were polymorphic. The polymorphic information content (PIC) ranged from 0.912-0.959 with an average value of 0.938. Genetic similarity (GS) by Dice's similarity coefficient ranged from 0.19-0.81 with a mean of 0.44. The 14 sugarcane genotypes from the Thailand collection with different sugar content were also assessed. A total of 198 fragments were found, of which 174 (87.88%) were polymorphic. The PIC value ranged from 0.860-0.937 with an average value of 0.914. The GS ranged from 0.49-0.85 with a mean of 0.71. The dendrograms constructed by the UPGMA cluster indicate strong differentiation between the Thai sugarcane genotypes and the Hawaiian sugarcane genotypes. In addition, S. officinarum is the group most closely associated with modern sugarcane. The partial Sai nucleotide sequence of 16 sugarcane genotypes from Hawaii and Thailand comprised 608-692 bp, within exon 2. There were 49 single nucleotide polymorphisms (SNPs) and two sites of variation including insertion and deletion (In/Del). Sai nucleotide polymorphism data matrices produced a more refined phylogenetic tree that shows four distinct groups. The results derived from nucleotide sequencing were somewhat similar to those derived from the TRAP markers. Thus, the utilization of informative TRAP and Sai nucleotide sequencing for a genetic variation study can result in the selection of diverse sugarcane parents for trait of sucrose content.
INTRODUCTION
Sugarcane is highly heterozygous and has complex aneuploids. It belongs to the subtribe Saccharinae of the tribe Andropogoneae. The genera Saccharum, Erianthus (sect. Rimpidium), Miscanthus (sect. Diantra), Sclerostachya, and Narenga constitute a closely related inbreeding group referred to as Saccharum complex 1 . The genus Saccharum contains six species, namely Saccharum officinarum (2n = 80), S. spontaneum (2n = 40-128), S. barberi (2n = 81-124), S. sinense (2n = 111-120), S. robustum (2n = 60-80), and S. edule (2n = 60, 70, 80) 2 . Most sugar-producing modern sugarcane cultivars are derived from interspecific hybridization between the domesticated species S. officinarum and its wild relative S. spontaneum and then backcrossing the progenies to the S. officinarum recurrent parents to recover favorable alleles for sugar content 3 . Consequently, modern sugarcane cultivars are interspecific hybrids with approximately 80% chromosomes from S. officinarum, 10-15% chromosomes from S. spontaneum, and 5-10% recombinant chromosomes 4 . For this reason, our study of genetic variation was focused on S. officinarum, S. spontaneum and S. robustum.
Attempts to increase sucrose accumulation have been made through conventional plant breeding methods and optimization of growing conditions 5 . Although this has resulted in improved commercial sugarcane cultivars, the selection procedure is very long and arduous. Limits certainly exist in the major physiological processes of photosynthesis, sucrose transport and metabolism. Currently, some enzymes involved in sucrose metabolism such as sucrose synthase, sucrose phosphate synthase and invertases have been identified, characterized, and evaluated for their roles in key regulatory steps [6] [7] [8] . Soluble acid invertase (SAI) has been suggested to be a key regulator for the sucrose accumulation in sugarcane stem parenchyma 6 .
Most of the progress made so far in sugarcane breeding programs has accentuated strategies and traits that improve sugar content with little or no effort geared towards the direct improvement of traits to maximize yield and quality 9 . One reason that has been proposed for lack of progress is the narrow genetic base of sugarcane cultivars. Moreover, the complexity of the sugarcane genome has limited classical genetic studies 10 . Therefore, objectives should be specifically designed to achieve certain well-set goals and appropriate germplasm must be utilized in the breeding program.
The earliest molecular genetic linkage maps of the progenitors of modern sugarcane such as Randomly Amplified Polymorphic DNA (RAPD), Restriction Fragment Length Polymorphism (RFLP), Simple Sequence Repeat (SSR), Amplified Fragment Length Polymorphism (AFLP), and Sequence-Related Amplified Polymorphism (SRAP) have been used to study genetic variation in this field crop [11] [12] [13] . These markers are ideal for genetic fingerprinting and linkage map construction because they are randomly distributed across the genome. They may not be related to some traits of interest to plant breeders. For a well-planned breeding program based on certain traits of interest, the genetic diversity information of available germplasm should be associated with functional polymorphism which can be measured using molecular markers derived from functionally characterized genes [11] [12] [13] . The Sugarcane Expressed Sequence Tag (SUCEST) Project produced more than 300 000 ESTs 14 . Target Region Amplification Polymorphism (TRAP) is a simple PCR-based marker system that takes advantage of available EST database sequence information to generate polymorphic markers by targeting candidate genes 15 . TRAP markers are involved in designing a fixed primer of about 18 nucleotides from EST sequences or genes of interest and an arbitrary primer about the same length is designed with either AT-and GC-rich motifs that anneal to introns and exons, respectively 15, 16 . The TRAP markers for sucrose-12 , drought-13 and ligninrelated 9 genes were successfully applied to study the genetic variation in sugarcane. As an initial step in this direction, our research was conducted to understand the molecular variation among some sugarcane genotypes grown in Hawaii and Thailand with respect to the genes involved in sucrose accumulation using the TRAP marker technique and partial Sai nucleotide polymorphism.
MATERIALS AND METHODS

Plant material and DNA extraction
A total of 24 genotypes (Table 1) were used in this study. Leaf tissues were sampled from each genotype grown either in the Sugarcane Germplasm Collection at the HARC Maunawili Breeding Station, Oahu, Hawaii or Khon Kaen Field Crops Research Center, Khon Kaen, Thailand. The samples were frozen immediately in liquid nitrogen and ground to powder for DNA extraction. Total genomic DNA was extracted using both the Plant DNeasy mini kit (Qiagen, Valencia, CA) and the CTAB procedure 17 with some modifications for sugarcane. The concentrations of extracted DNA were estimated with a Nanodrop 1000 spectrophotometer (Nanodrop, Bethesda, MD) at 260 nm. The DNA quality was evaluated based on the ratio of the spectrophotometer readings at 260 and 280 nm. Only the high-quality DNA was stored at −20°C for further analysis.
TRAP primer design
TRAP is a two-primer PCR marker technique 15 . The fixed forward primer was designed from EST sequences and the accompanied arbitrary reverse primer was designed to target introns or exons. In this study, the fixed primer was designed from only Sai gene, which is suggested to be a key regulator for sucrose accumulation of sugarcane. The primer was designed using the Primer3 software (http:// bioinfo.ut.ee/primer3-0.4.0). The optimum size, optimum Tm, maximum Tm and minimum Tm were set at 18nt, 53°C, 55°C, and 50°C, respectively. The gene, GenBank accession number and designed primer sequence of Sai gene are given in Table 2 .
Arbitrary reverse primer sequences were obtained from the research articles by Li and Quiros 16 and Li et al 18 as shown in Table 2 . The basic structure of this primer includes three selective nucleotides at the 3 end, four nucleotides of AT-or GCrich content in the core region, and 11 nucleotides as filler sequences at the 5 end. The arbitrary primer is designed normally to target either the exonic (GC-rich) or the intronic (AT-rich) region of the genome. In addition, the basic rules of primer design, such as self-complementarity and maintenance of 40-60% GC content were upheld in designing both primers ( Table 2) . A total of 12 TRAP primer combinations were used in this study.
TRAP PCR amplifications
RAP PCR was performed following the protocol as described by Hu and Vick 15 with some modifications. Each PCR reaction solution (15 µl) consisted of 1 × PCR buffer with (NH 4 ) 2 SO 4 (75 mM Tris-HCl, 20 mM (NH 4 ) 2 SO 4 , 0.01% (v/v) Tween 20, pH 8.8 at 25°C), 1.5 mM MgCl 2 , 0.2 mM dNTP, 1 U Taq DNA polymerases (Thermo Scientific), 0.1 µM of fixed primer, 0.5 µM of arbitrary primer and 100 ng DNA templates. PCR was carried out by initially denaturing template DNA at 94°C for 1 min, followed by 5 cycles at 94°C for 1 min, 35°C for 1 min and 72°C for 1 min, followed by 35 cycles at 94°C for 1 min, 50°C for 1 min and 72°C for 2 min, with final extension step at 72°C for 5 min. Final PCR product was added with 2 µl stop buffer (5 × loading dye with 10 × SYBR gold nucleic acid gel stain) after the PCR completion and loaded onto a 1.5% (w/v) agarose gel. Electrophoresis was conducted at 100 volts for 1 h. The images were visualized and collected under a UV light transilluminator by gel 100 volts documentation system (Bio-Rad) and scored manually for presence or absence of bands/alleles.
Data collection and statistical analysis
Only readable and unambiguous polymorphic fragments in the digital images were scored manually as 1 for presence and 0 for absence in all genotypes. Allelic diversity at a given locus can be measured by PIC wherein a marker can distinguish two alleles taken at random from a population and it was calcu- 19 . Considering the number of alleles at a locus along with their relative frequencies in a given population, an estimate of the discriminatory power of a marker can be obtained by calculating the PIC value 20 . The binary interpretation was transferred to NTSYSpc 2.11S 21 , in which a matrix of Dice's coefficient 22 was used to calculate the pairwise genetic similarity, GS = 2a/(2a + b + c), matrices using the SIMQUAL procedure. The GS matrices were then employed to construct the dendrogram with the UPGMA algorithm 23 , using the SAHN clustering procedure 23 . All the dendrograms that could be produced from different combinations of tied similarity values were combined by majority rule into a consensus dendrogram with branch probabilities indicating the percentage of dendrograms which contain that subset.
Analysis of Sai nucleotide polymorphism
As the initial step in cloning Sai gene, specific primers were designed based on the flanked exon 2 of Sai gene (GenBank, JQ982494.1). The partial Sai gene (∼690 bp) of S. officinarum, S. robustum, S. spontaneum, Eriantus and a sugarcane hybrid (Table 1) were then amplified by a pair of primers: the gene specific forward primer which has the same sequence as the fixed forward primer of TRAP marker (Table 2 ) and a reverse primer (5 -CTCCAAGGGATGGGCATC-3 ). The PCR recipe was similar to that for TRAP-PCR, except that 50 ng genomic DNA was used as a template. Amplification was performed by the following thermal cycles: 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 55°C for 40 s, and 72°C for 30 s and then 72°C for 7 min. The PCR products were separated on a 1.5% agarose gel and purified for sequencing. The sequencing analysis was conducted at the Sequencing Department, SolGent Co., Ltd. Sequence comparison and alignment analyses were performed using the MEGA 6 24 . Phylogenetic trees were constructed by MEGA 6 software based on the nucleotide sequences using the UPGMA method.
RESULTS AND DISCUSSION
The present study was carried out using TRAP markers to determine the genetic variation of 7 and 10 sugarcane genotypes from Hawaii and Thailand, respectively. The data obtained for each marker are presented in Table 3 . The twelve TRAP primer combinations used for PCR amplification produced 275 amplified fragments, of which 273 (99.27%) were polymorphic ( Table 3 ). The total number of bands amplified by individual primer combinations ranged from 18-31 with an average of 23 bands per primer combination. The fragment size varied from ∼200-2000 bp. The band profile obtained using the Sai+BG66 primer pair in 17 sugarcane genotypes is shown in Fig. 1a . The PIC value ranged from 0.912 (Sai+ODD20 primer pair) to 0.959 (Sai+EM5 primer pair) with an average value of 0.938. The GS by Dice's similarity coefficient ranged from 0.19 (Timor Wild/US56-14-4) to 0.81 (MTP3/KKU99-02) with a mean of 0.44 (Table 5a) . A dendrogram which was constructed using the UPGMA method, shows genetic variation among the 17 sugarcane genotypes (Fig. 2a ). The 14 sugarcane genotypes from the Thailand collection with different sugar content were also assessed by TRAP markers. Of the 198 alleles amplified by 12 TRAP markers in the range of ∼20-2000 bp, 174 amplified fragments were found to be polymorphic with an average of 17 bands per primer combination ( Table 4 ). Percentage of polymorphism was 87.88. The band profile obtained using the Sai+BG66 primer pair in 14 sugarcane genotypes is shown in Fig. 1b . The PIC value ranged from 0.860 (Sai+EM6 primer pair) to 0.937 (Sai+BG68 www.scienceasia.org (Table 5b ). The dendrogram which was constructed using the UPGMA method is shown in Fig. 2b .
In our study, using TRAP markers resulted in high polymorphism (99.27 and 87.88%). The complex genetic structure of sugarcane with high aneuploidy (80-140 homo(eo)logous chromosomes) may cause a high level of polymorphism 12, 25, 26 . Similar results were reported in Sachharum spp. by Lima et al 27 using AFLP markers, by Srivastava and Gupta 28 employing ISSR markers, and by Alwala et al 12 using TRAP markers. Comparable PIC values in sugarcane were also found when TRAP markers alone 11 or TRAP and AFLP markers 13 were used. The differences in PIC values may result from different sets of sugarcane genotypes and different detection systems 29 .
The range of variation of Dice's GS values was estimated for the 17 sugarcane genotypes from Hawaii and Thailand (0.19-0.85) and the 14 sugarcane genotypes from the Thailand collection (0.49-0.85). The GS among groups of species or genotypes was computed as an additional measure to assess the genetic variation ( Table 5 ). The estimates showed that S. spontaneum had the least amount of similarity in the 17 sugarcane genotypes (mean = 0.34) indicating that relatively higher level of heterozygosity and polymorphism exists within the species. This species is accepted as the most diverse of Saccharum spp. in terms of morphology, chromosome number and geographical distribution 30, 31 . Compared with S. spontaneum, the genetic similarity among 14 sugarcane genotypes from the Thailand collection showed the least GS. The highest GS was obtained among the modern sugarcane cultivars (mean = 0.85), followed by the group of sugarcane hybrids (mean = 0.70). These results provide additional support that modern sugarcane cultivars have a narrow genetic base. A similar opinion is also expressed by Barnes and Bester 10 . 
Cluster Analysis
The UPGMA dendrogram of the 17 sugarcane genotypes from Hawaii and Thailand generated by TRAP markers is shown in Fig. 2a . The dendrogram derived from cluster analysis reveals three clusters among S. officinarum, S. robustum, S. spontaneum, Eriantus and the sugarcane hybrid. Cluster I possesses only the sugarcane genotypes from the Hawaii collection having two sub-clusters: a and b. Sub-cluster a consists of S. officinarum, S. spontaneum, and F1 hybrid (10-9203), which has the parents from the cross between LA Purple and US56-14. Sub-cluster b comprises only S. robustum. Cluster II possesses only the sugarcane genotypes from the Thailand collection having two sub-clusters: c and d, which are separated into S. officinarum and S. spontaneum, respectively. In addition, Erianthus is identified as an out-group with very less GS (mean = 0.27), Cluster III. Based on the dendrogram in Fig. 2a , the Thai sugarcane genotypes are different from the Hawaiian sugarcane genotypes. Our result indicates that there is strong differentiation between Saccharum and Erianthus. This is consistent with the results reported by Selvi et al 25 and Alwala et al 12 using SSR and TRAP markers, respectively. In the 14 sugarcane genotypes from the Thailand collection, the dendrogram derived from cluster analysis reveals three clusters among S. officinarum, the sugarcane hybrid and S. spontaneum (Fig. 2b) . Cluster I possesses only modern sugarcane cultivars belonging to S. officinarum with the highest GS (mean = 0.85). Cluster II possesses the sugarcane hybrid which has the parents from the cross between KK1 and ThS98-226. This cluster has three sub-clusters: a, b and c. The Sacchrum hybrid No. 41-86 and 41-30 are in sub-cluster a while No. 41-91 and 41-52 are in sub-cluster b. All of them contain high sucrose content. They are more closely related to modern sugarcane cultivars. The Sacchrum hybrid No. 41-37, 41-64, and 41-4 are in subcluster c. They have low sucrose content and are more closely related to wild sugarcane genotypes. In addition, the wild sugarcane S. spontaneum, is identified as an out-group. It is in Cluster III.
Among the Saccharum spp. employed in our research, S. officinarum is the group most closely associated with modern sugarcane cultivars. This close association is to be expected since S. officinarum is one of the progenitor parents of modern sugarcane and was used as the recurrent parent during the breeding of modern sugarcane. As a result, the modern cultivars have an 80-85% genetic background of S. officinarum and hence the closer relationship with modern sugarcane cultivars 4, 32, 33 .
Though the differences in similarity coefficients of sugarcane cultivars were not large, the subgrouping reflects considerable diversity among sugarcane cultivars for the sucrose-related genes, due possibly to the polyploid nature and diverse background of sugarcane genome. Similar observations were made by Alwala et al 12 and Creste et al 13 using TRAP markers derived from sucrose-and drought-related genes.
Based on our results, it is reasonable to group sugarcane genotypes according to their sucrose content using TRAP markers. This indicates that there may be the difference in nucleotide sequence of Sai gene. Therefore, the partial nucleotide sequencing of Sai gene derived from the Hawaiian and Thai sugarcane cultivars was carried out.
Sai nucleotide polymorphism
The partial Sai nucleotide sequence of the 16 sugarcane genotypes comprised 608-692 bp, within exon 2. A BLASTN search for these nucleotide sequences on the Basic Local Alignment Search Tool site showed that all similar fragments were located on the Sai sequence of sugarcane, with identity percentages of 95-99 (data not shown).
A BLASTP search using the deduced pre-protein sequence of SAI as a query revealed that the predicted SAI protein sequence had high (97-99%) homology. This was similar to the SAI proteins of sugarcane, except in SES208, AP85-441 and THA83-183 of which amino acid sequences did not match with those in the SAI protein database (data not shown).
There were 49 SNPs and two sites of variation including In/Del sites among the 16 genotypes. Of the 49 SNPs, five were A/T alterations, five were A/C alterations, four were A/G alterations, seven were C/T alterations, two were G/T alterations and 26 were C/G alterations (data not shown). This indicates that the Sai gene of 16 sugarcane genotypes are different at the DNA level. The phylogenetic tree obtained by the UPGMA method based on Dice's similarity coefficient is illustrated in Fig. 3 .
Sai nucleotide polymorphism data matrices produced a more refined phylogenetic tree that shows the association between intra-and intergroups of wild sugarcane and cultivated sugarcane. The cluster analysis had formed four distinct groups (Fig. 3) . The majority of wild sugarcane, except US56-14-4 and THA83-183, is in group I whereas all of the modern sugarcane cultivars are in group II. Groups III and IV consist of THA83-183 and Timor Wild, respectively. The results derived from nucleotide sequencing were somewhat similar to those derived from the TRAP marker technique. The modern sugarcane cultivars can be separated from the wild sugarcane. This proves the utility and significance of Sai nucleotide sequencing system in a sugarcane genetic variation study. Thus, the utilization of informative TRAP and Sai nucleotide sequencing for a genetic variation study can result in the selection of diverse sugarcane parents for trait of sucrose content.
CONCLUSION
Recently, sugarcane is projected as one of the most important sugar crops due to its ability to produce high sucrose. Hence, development of genotypes with high sucrose yield is a major objective of sugarcane breeders aiming to develop what is popularly called 'sugar cane'. In this context, the knowledge of the amount and distribution of genetic variation with respect to sucrose genes within the Saccharum complex will contribute much to the success of such breeding programs. Sucrose gene-based TRAP markers used in this study classified members of the Saccharum complex broadly according to previously established genetic relationships in the order of Miscanthus > Erianthus > S. spontaneum > S. robustum/S. barberi/S. sinense > S. officinarum/cultivars. Also revealed in this study was the genetic variation or relationships among genotypes within a species. This information can be useful to a breeder when deciding which individuals to use in initiating a breeding program. Miscanthus and Erianthus are known for their large stature and high dry matter content. The intergeneric hybridization between highly diverse Miscanthus/Erianthus with comparatively less diverse Saccharum germplasm could result in greater sugar-yielding cultivars suitable to a wider geographical range of cultivation. Furthermore, use of more robust functional markers such as single nucleotide polymorphism and genic SSRs derived from all the genes involved in the sucrose accumulation pathway, could be developed with higher success, in addition to biotechnological interventions, to facilitate breeding for energy cane development.
